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Abstract. A mathematical model of galvanic corrosion under the conditions of a thin electrolyte film
was used to evaluate atmospheric corrosion. Experimentally determined weight loss values were used to
validate the modelled results. The time dependence of the corrosion degradation was included in the
model using polarization curves of the corroded materials. The difference between the modelled results
and the experimental results was 20%, taking the experimental error into account.
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1. Introduction
Atmospheric corrosion is the type of corrosion that
causes the greatest economic losses in our inland con-
ditions. Great efforts are being made to model at-
mospheric corrosion mathematically, because these
models can be helpful in various fields of technology.
In general, the main problem in corrosion modelling
is the complexity of the corrosion process. A sophis-
ticated mathematical model and a broad variety of
input parameters are required in order to ensure usable
and realistic behaviour of the model. Atmospheric
corrosion typically takes place in a thin electrolyte
layer (TEL) of adsorbed moisture. Chemical reactions
taking place in the system need to be resolved. The
transport of the reactants and products and the ki-
netics of the corrosion and depolarization reactions
must be known. In addition, changes in electrolyte
composition, dissolution of the anode and any settling
of the corrosion products influence the polarization of
the anode and the cathode. The electrical current flow
in the electrolyte must also be determined in order
to cover the electrochemical nature of the corrosion
reactions.
Mathematical modelling is relatively well applicable
to galvanic corrosion, which occurs when two electro-
chemically different materials are in contact. Early
models solved galvanic corrosion over special geomet-
rical shapes analytically [1, 2]. Later, finite element
methods (FEM) were introduced to solve general ge-
ometries. A widely-used approach solves the Laplace
equation for the electric potential in the volume of
the electrolyte. The polarization curves of the mate-
rials represent the boundary conditions [3–6]. When
atmospheric corrosion is solved, it is necessary to take
into account that the polarization curves measured
in a TEL are different from the curves measured in a
bulk electrolyte [7–9].
This paper presents a relatively simple and straight-
forward way to model the galvanic contribution to
atmospheric corrosion. This contribution is important
in the vicinity of the interfaces of different materials
in any structure. In these locations, it can cause sig-
nificant problems, especially when mutual influences
of more than two interfaces occur and a table of the
corrosion of dissimilar metals does not provide reliable
information.
In this work, galvanic corrosion of bolt joints ex-
posed to atmospheric conditions is evaluated by com-
putational modelling and by experimental tests. The
aim of the work was to find a suitable way of validat-
ing the modelled results from a qualitative point of
view and also from a quantitative point of view.
2. Matherials and methods
2.1. Bolt joints
Three types of galvanic connections, represented by
a bolt joint consisting of a bolt, a nut and a washer,
were used as samples. The material composition of
the samples is stated in Table 1.
The bolts and the washers were made of the same
metal, which had higher corrosion potential than the
metal of the nuts. Galvanic corrosion therefore took
place on the nut in each bolt joint. In other words,
the nuts acted as anodes, and the bolts and washers
became cathodes.
In addition, it was necessary to separate galvanic
corrosion from other types of corrosion that might
occur on bolt joints in atmospheric condition, e.g.
uniform corrosion and crevice corrosion. Since all
types of corrosion except galvanic corrosion occur
when the same metals are connected, two reference
samples were also subjected to the experiments. One
reference sample was a bolt joint made completely of
mild steel, and the second reference sample was made
of galvanized steel. In this way, the influence of all
types of non-galvanic corrosion could be determined
for mild steel and for galvanized steel.
2.2. Weathering test
The bolt joints were freely exposed to the atmo-
sphere for a period of five months, June 1st to
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Bolt joint Bolt Washer Nut
1 stainless steel stainless steel mild steel
2 stainless steel stainless steel galvanized steel
3 mild steel mild steel galvanized steel
Table 1. Materials in the bolt joints
October 31st, 2014. A stand with the samples was
located at Výzkumný a zkušební letecký ústav, a.s. in
Prague – Letňany. Ten sets of each combination of
materials were exposed, i.e. fifty bolt joints in total.
A gravimetric method was used for an experimental
evaluation of the extent of galvanic corrosion. Each
bolt, nut and washer was weighed on an analytical
scale (to four decimal places, in grams) before expo-
sure. After exposure, the corrosion products were
removed in accordance with ISO 8407:2009, using in-
terval pickling, and the weight loss of each bolt, nut
and washer was determined. The average weight loss
of the nuts in three types of bolt joints, and also in
two types of reference bolt joints, was calculated. To
obtain the weight loss of the nuts caused by galvanic
corrosion, the values for the reference samples were
subtracted from the values for the modelled samples.
2.3. Modelling
BEASY Corrosion Manager (BEASY CM) software
(CM BEASY Ltd., UK) was used for modelling in
this work. This software is based on a simplification
of the galvanic corrosion process due to the presence
of TEL [10]. The scheme of the process is shown in
Figure 1.
Figure 1. Galvanic corrosion under a TEL, w  L
The solved equation is the charge conservation equa-
tion under steady state in the volume of the electrolyte
∇~j = 0,
where~j is the current density given by~j = −σ∇Ve(X),
σ is the electrolyte conductivity, and Ve(X) is the
electric potential in the volume of the electrolyte at
point X ∈ R3. The boundary conditions for the
surface of the anode and the cathode are described by
the corresponding polarization curves for the material
of the anode and for the material of the cathode.
In the software, the assumption about TEL is
treated mathematically. If the thickness of the elec-
trolyte w is much smaller than the characteristic di-
mension of the solved problem L (see Figure 1), the
electrical potential in the electrolyte can be consid-
ered as constant in the direction perpendicular to the
surface of the electrode (z direction). This does not
allow us to find the solution for the charge conserva-
tion equation in the whole volume of the electrolyte.
The solution must be found in the two directions par-
allel with the surface (x and y direction). In the z
direction, the z component of current density jz can
be directly integrated along the thickness w. This
assumption about TEL lowers the dimensionality of
the problem from 3D to 2D. The effect of the charge
exchange between the electrode and the electrolyte is
presented as a source term, rather than as a boundary
condition.
In the simulation software used here, the corrosion
behaviour of the modelled materials is described by
their polarization curves. Polarization curve data
must therefore be included in the input data. A simi-
lar approach can be found in other corrosion softwares,
e.g. [11]. For a realistic model of a real situation, the
curves are measured under conditions similar to those
prevailing during exposure. For atmospheric corrosion,
this means measuring the polarization curves in the
TEL of rainwater. The procedure for potentiodynamic
measurements is described in Section 2.4. The polar-
ization curves have to be measured in a sufficiently
broad potential window to cover all potentials possi-
bly occurring in the modelled situation. Subsequently,
the curves can characterize the corrosion behaviour of
a given material under activation control (in the Tafel
region), and also under diffusion control (outside the
Tafel region).
Other input parameters of the mathematical model
are the electrical conductivity of the electrolyte and
the thickness of TEL covering the modelled structure
during exposure. The first approximation of TEL and
its occurrence during exposure can be made according
to the ISO 9223:2012 standard as the time of wetness.
However, this approach has some limitations [12]. In
addition, the software that is used can solve galvanic
corrosion even in very thin layers of adsorbed moisture.
The electrolyte was represented by artificial rainwater,
with conductivity of 0.0014 Sm−1 at 25°C (pH me-
ter/conductometer MODEL 250, Denver Instrument,
USA; measured pH = 6.6). This value was recal-
culated to the average temperature during exposure
of 15.7°C (0.0011 Sm−1). The thickness of the TEL
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was determined to be 30 µm, in accordance with the
average value of the relative humidity (RH) during ex-
posure [13], which was 73.1%. For a rainy period (the
duration of the rain and the time when precipitation
water is flowing off the bolt joints), another mathe-
matical model was calculated with TEL 0.2mm in
thickness and 0.6mm in thickness on areas where the
water can rise due to capillary action. The duration of
the rainy period was estimated to be 6.4 day/month,
on the basis of the amount of rainfall 74.8mm/month
in the area. Climatic data were freely available on
the web of the Czech Hydrometeorological Institute
(www.chmu.cz).
The output data of the software were the distribu-
tion of the weight loss values over the surface of the
bolted joints and the total corrosion current for the
surface of the nut, which was used to calculate the
weight loss of the nut by means of Faraday’s law
WL = EW × I × t
F
,
where WL [g] is the weight loss caused by galvanic
corrosion, EW [gmol−1] is the equivalent weight of the
material [14], I [A] is the modelled corrosion current,
t [s] is the time of exposure, and F = 96 485Cmol−1
is the Faraday constant.
To obtain the weight loss value for each nut for
the whole period of exposure, it was necessary to add
together the weight loss values calculated for the dry
period and for the rainy period.
2.4. Polarization curves
Polarization curve measurements were performed in
an electrochemical cell specially designed for corrosion
tests under TEL, see Figure 2.
Figure 2. Scheme of an electrochemical cell for TEL
measurements
A standard three-electrode system was used. Metal
coupons (20mm in diameter) made of mild steel, stain-
less steel and galvanized steel were used as the working
electrode, a strip of expanded metal (stainless steel)
was used as the counter electrode, and a saturated
Ag/AgCl electrode served as the reference electrode.
The electrodes were connected to a Voltalab PGZ
100 potentiostat, controlled by the Voltamaster 4 pro-
gramme (Radiometer analytical SAS, France). First,
OCP was measured for 600 s. Then potentiodynamic
polarization curve measurements were carried out sep-
arately for the anodic and cathodic branches. Mea-
surements of the anodic branch of the polarization
curves were initiated at a cathodic potential of−30mV
vs. OCP, and were terminated at an anodic poten-
tial of 300mV vs. the reference electrode potential.
For the cathodic branch of the curves, the applied
voltage went from an anodic potential of 30mV vs.
OCP to a cathodic potential of −1200mV vs. the
reference electrode potential for mild steel and stain-
less steel, and −1300mV vs. the reference electrode
potential for galvanized steel. The scan rate was
1mV s−1. Each branch of the curve was measured
three times, and then the average potential and the
current values were calculated to obtain average an-
odic and cathodic branches. The resulting branches
were joined together at the point with coordinates
[Eavcorr; jav], where Eavcorr is the average corrosion po-
tential calculated from the corrosion potential of the
anodic and cathodic branches and jav is 0mAcm−2.
The reproducibility of the measurements expressed as
the standard deviation was 18mV vs. Ag/AgCl sat.
for the Ecorr values. The standard deviation of the
jcorr values did not exceed 35% of the average value.
The curves were measured for two types of coupons
to simulate the time dependence of corrosion degra-
dation, the modelling of which is not supported by
the software functions. The first type was mechani-
cally polished with fine abrasive paste, degreased with
acetone and dried under an air stream prior to each
potentiodynamic experiment. The second type was
used as the working electrode after being subjected
to the weathering test, together with the bolt joints,
for a period of 5 months.
Artificial rain water was used as an electrolyte. The
solution was prepared by modifying the chemical com-
position of demineralised water according to the com-
position of rainwater collected on the premises of
Výzkumný a zkušební letecký ústav, a.s. In this way,
the deposition rate of atmospheric pollutants, espe-
cially Cl− and SO2, was introduced into the mathe-
matical model. The composition is given in Table 2.
Chemicals Concentration [mg l−1]
NaF 0.05
KNO3 1.3
Na2SO4.10H2O 1.6
K2SO4 0.3
MgSO4.7H2O 2.0
CaCl2 0.9
CaSO4.2H2O 0.9
(NH4)2SO4 0.8
Table 2. Chemical composition of the artificial rain
water
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Figure 3. Polarization curves of mild, stainless and galvanized steel measured in a layer of artificial rainwater
0.5mm in thickness; samples before exposure (full line) and after 5 months of exposure (dashed line)
Bolt joint Total Reference sample Galvanic corrosion
weight loss weight loss weight loss
1 0.123 (±0.010) 0.109 (±0.009) 0.014 (±0.019)
2 0.015 (±0.001) 0.001 (±0.0004) 0.014 (±0.001)
3 0.019 (±0.003) 0.001 (±0.0004) 0.018 (±0.003)
Table 3. Experimental weight loss values for nuts in [g]; standard deviations are added
3. Results and discussion
3.1. Polarization curves
Raw polarization data must be adapted according to
the requirements of the software in order to lower the
computational burden. Ten to twelve points specified
by coordinates E [V] and j [mAcm−2] were therefore
chosen to reproduce the main features of the recorded
polarization curves, see Figure 3.
3.2. Experimental results and modelling
results
The values for the experimentally determined weight
loss, stated in Table 3, show that the highest total
weight loss was obtained for the mild steel nuts. The
corrosion of the galvanized nuts was significantly re-
duced due to the effect of zinc corrosion products.
The contribution of galvanic corrosion to the total
weight loss was almost the same for all nuts; only the
nut in bolt joint 3 was slightly more affected. The
photograph in Figure 4 illustrates corroded bolt joint
3. A comparison between bolt joint 3 and its model,
illustrated in the same figure, shows that there is a
corresponding extent of the two galvanic corrosion
attacks. The attack occurred at the interface between
the washer and the nut, and between the nut and the
bolt. The other corrosion symptoms correspond to
uniform corrosion products and secondary corrosion
products.
Bolt joint 3 after exposure, together with the mod-
elled distribution of the corrosion rate during the rainy
period, are shown in Figure 4
Table 4 and Table 5 compare the output data of
the SW for the materials before and after exposure.
It is obvious that the corrosion damage was modelled
to be equal for the dry period and the rainy period
in both cases. There is also no significant difference
between the resulting weight loss values for galvanic
corrosion which would reflect the time dependence of
the corrosion degradation. This is documented by the
models in Figure 5.
For a comparison of the experimental and the math-
ematically modelled weight loss values caused by at-
mospheric corrosion, the correspondence between the
results falls within the interval of 50% for galvanized
steel and for modelling using the polarization curves of
new materials. The modelled results are almost within
the experimentally determined weight loss intervals,
taking into account the experimental error.
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Figure 4. Bolt joint 3 after exposure, and the modelled distribution of the corrosion rate [mm/year] during the
rainy period
Bolt joint Corr. current Weight loss Corr. current Weight loss Galvanic corr.
dry period dry period rainy period rainy period weight loss
1 3.787× 10−7 0.001 1.363× 10−6 0.001 0.002
2 1.684× 10−6 0.006 6.364× 10−6 0.006 0.012
3 1.502× 10−6 0.005 5.849× 10−6 0.005 0.010
Table 4. Modelled corrosion current and weight loss values for nuts – materials before exposure; corrosion current
in [A] a weight loss in [g]
Bolt joint Corr. current Weight loss Corr. current Weight loss Galvanic corr.
dry period dry period rainy period rainy period weight loss
1 2.776× 10−7 0.001 8.356× 10−7 0.001 0.002
2 1.065× 10−6 0.004 3.674× 10−6 0.003 0.007
3 1.266× 10−6 0.005 4.878× 10−6 0.005 0.010
Table 5. Modelled corrosion current and weight loss values for nuts - materials after exposure; corrosion current in
[A] a weight loss in [g]
The discrepancy of an order of magnitude between
the modelled result and the experimental result for
the mild steel nut may have been caused by the ex-
periment, where large numbers of total weight loss
values and reference sample weight loss values were
subtracted. However, the modelled weight loss value
complies with the experimental value when the exper-
imental error is taken into account.
The use of polarization curves of the materials af-
ter exposure did not provide more precise modelling
results in order to approximate them to the experi-
mental weight loss values. The corrosion reaches a
steady state after long-term exposure. The input data
for the materials after exposure did not take into ac-
count the initial state of corrosion of the exposed bolt
joints. For this reason, it should be beneficial to in-
clude the time dependence when modelling long-term
corrosion, because steady state corrosion represents
a substantial period of the whole time of exposure in
this case. We assume that more precise agreement
between modelling and experiment could be reached
under these conditions.
4. Conclusions
A comparison between modelling results and experi-
mental results has proved that the modelling software
introduced here can be used for evaluating the contri-
bution of galvanic corrosion to the total atmospheric
corrosion of different materials that are galvanically
coupled. Although not all modelled weight loss val-
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(a) before exposure (b) after exposure
Figure 5. Modelled distribution of the corrosion rate [mm/year] on bolt joint 3 during the rainy period using the
polarization curves
ues fell within the experimental values, including the
experimental error, the correspondence is close. The
mismatch is never greater than 20%.
The use of modelling to evaluate the influence of
time is less elementary. The polarization curves of
materials after exposure as input data modify the
modelling results, but they should be used only for
modelling long-term exposures. The time limits for
utilizing the polarization curves of materials after
exposure need to be investigated. An experiment
with exposition for a period of one year is currently in
progress at Výzkumný a zkušební letecký ústav, a.s.
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